Background: Nrf1 regulates cellular stress response, but nothing is known about how Nrf1 is regulated. Results: Fbw7 binds Nrf1 to promote its ubiquitination and degradation by the proteasome. Conclusion: Nrf1 expression is regulated by Fbw7. Significance: These findings broaden the understanding of how Nrf1 is regulated, and also suggest that Fbw7 may regulate cellular stress response by controlling turnover of Nrf-family of proteins.
Nuclear factor E2 related factor 1 (Nrf1) is a basic leucine zipper transcription factor that plays important roles in cellular stress response and development. Currently, the mechanism regulating Nrf1 expression is poorly understood. We report here that Nrf1 is a short-lived protein that is targeted by F-box protein Fbw7 which is the substrate specifying component of SCF (Skp1-Cul1-Fbox protein-Rbx1) type ubiquitin ligase for degradation via the ubiquitin-proteasome pathway. We show that Fbw7 directly binds Nrf1 through a Cdc4 phosphodegron, and that enforced expression of Fbw7 promotes the ubiquitination and degradation of Nrf1. Nrf1 (nuclear factor erythroidderived 2-related factor 1) is a member of the CNC subfamily of basic leucine zipper (CNC-bZIP) transcription factors, which also includes p45 NF-E2, Nrf2, Nrf3, Bach1, and Bach2 (1-5). Members of this protein family are characterized by a 43 amino acid homology region, termed the "CNC" (cap-ncollar) domain, located immediately at the N-terminus of the basic DNA-binding domain (6) . CNC-bZIP transcription factors form heterodimers with small Maf proteins (Maf G, Maf K, Maf F) and ATF/CREB proteins for DNA binding (7) .
Conversely, depletion of endogenous
Nrf1 is ubiquitously expressed, and high levels are seen in muscle, heart, kidney and brain (2) . Nrf1 has been implicated in various developmental processes and in maintaining cellular homeostasis (8) . In addition, loss of Nrf1 function in hepatocytes leads to liver tumors in mouse suggesting Nrf1 might function as a tumor suppressor (9) . Nrf1 has been shown to control expression of genes involved in cellular stress response through cis-acting sequences known as antioxidant response elements (AREs) (10, 11) . These elements have been identified in the regulatory regions of genes encoding phase-2 detoxification enzymes and various other cytoprotective proteins such as NADPH quinone oxidoreductase, metallothioneins, glutamate-cysteine ligase, and as recently revealed, genes encoding subunits that make up the proteasome (11) (12) (13) (14) (15) . Several Nrf1 isoforms have been reported. Previous data indicate that the 120kDa isoform of Nrf1 (herein referred as Nrf1 for simplicity) is retained in the ER, while the N-terminal-truncated form (65kDa) appears to be constitutively localized to the nucleus (16, 17) . Although molecular details involved in the ER to nuclear translocation of Nrf1 have yet to be defined, evidence suggests that Nrf1 mediates gene activation, while the 65kDa protein antagonizes ARE-mediated gene expression (17) . Expression of Nrf1 is upregulated in response to oxidative stress, but the underlying mechanisms are not known (18) . Nrf1 shares structural similarities with Nrf2 including the presence of a functional Neh2 (Nrf2-ECH homology 2) domain that serves to destabilize Nrf2 through interaction with the Keap1 protein.
Although Nrf1 binds Keap1, Keap1 does not appear to regulate Nrf1 function or its localization in the cell (16, 19) .
The ubiquitin proteasome system (UPS) regulates the turnover of a number of transcription factors (20) . Proteins regulated by the UPS are first conjugated with ubiquitin moieties, and ubiquitinated substrates are subsequently targeted to the 26S proteasome where they undergo proteolysis. The addition of ubiquitin conjugates occurs through the successive action of three classes of enzymes including ubiquitin-activating enzyme (E1), ubiquitinconjugating enzyme (E2), and ubiquitinprotein ligase (E3) (21). While there are one or two E1(s) and dozens of E2s, there are hundreds of E3s that are substrate specific. that regulate a wide variety of protein polyubiquitylation events. The SCF complex is an archetypal CRL that is comprised of Cullin-1 (Cul1) protein that acts as a scaffold. Cul1 binds Rbx1 (Roc1/Hrt1), a RING finger protein that recruits E2 conjugating enzymes, and Skp1, an adaptor protein that recruits F-box proteins (22) . Many F-box motif-containing proteins have been indentified, and they function as adaptors to recruit specific substrates to the complex (22) . The F-box protein, Fbw7 (also known as AGO, CDC4, SEL10), has been shown to regulate a number of transcription factor including, c-Myc, c-Jun, c-Myb, and sterol regulatory element binding proteins (SREBPs) (23) . In this present study, we demonstrate that Nrf1 expression is regulated, by the ubiquitinproteasome pathway through the F-box protein Fbw7.
EXPERIMENTAL PROCEDURES
Reagents -Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), lipofectamine 2000 were purchased from Invitrogen. The Myc tag (9B11) mouse monoclonal antibody, HA tag (6E2) monoclonal antibody, horseradish peroxidase-linked anti-rabbit IgG and antimouse IgG antibodies were from Cell Signaling (Beverly, MA). Anti-FLAG (M2) was purchased from Sigma-Aldrich, Cdc4/Fbw7/hSel 10 antibody (12292) was purchased from Abcam. MG132 and cycloheximide were purchased from Sigma (St. Louis, MO). Nrf1 antibody has been previously described (16) .
Plasmids -pCMVNrf1-myc was generated as described in (16 Cell Culture -293 HEK cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100 g/ml streptomycin, and 100 units/ml penicillin at 37 °C in a humidified, 5% CO2 atmosphere. The cells were transfected using Lipofectamine reagent according to the manufacturer's protocol. The cells were plated at least 8 h before transfection. The cells were harvested 48 h after transfection, and cellular extracts were prepared.
Immunoblotting -Cells were lysed in cold radioimmune precipitation assay buffer (50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 1 mm phenylmethylsulfonyl fluoride, 1 mm EDTA, 5 g/ml aprotinin, 5 g/ml leupeptin) and cleared by centrifugation for 15 min at 4 °C. Protein concentrations were determined using BioRad protein assay reagent. An equal volume of 2 SDS sample buffer (100 mm Tris, pH 6.8, 25% glycerol, 2% SDS, 0.01% bromphenol blue, 10% 2-mercaptoethanol) was added to cell lysates and boiled for 5 min. The samples were resolved by SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 5% skim milk in TBS-T (150 mm NaCl, 50 mm TrisHCl, pH 8.0, and 0.05% Tween 20), the membranes were probed with the indicated antibodies. The antibody-antigen complexes were detected using the ECL system.
Coimmunoprecipitation -Subconfluent HEK293 cells were transfected with pFLAG-Fbw7alpha, pFLAG-Fbw7beta, pFLAG-Fbw7gamma and Nrf1 expression vectors or just pFLAG-Fbw7alpha, pFLAGFbw7beta, pFLAG-Fbw7gamma or HA-Ub and pRetrosuper Fbw7 shRNA-1 and 2 using Lipofectamine 2000 and were lysed in radioimmune precipitation assay buffer 48 h after transfection. The lysates were cleared by centrifugation for 15 min at 4 °C followed by overnight incubation with antiMyc antibody or anti-Nrf1 antibody. The next day, protein G-Sepharose beads were added followed by a 1-hour incubation in the cold. The beads were collected by brief centrifugation and then washed extensively with radioimmune precipitation assay buffer. The proteins were eluted in 1 SDS sample buffer and heating at 95 °C for 5 min. The samples were separated by SDS-PAGE and transferred to nitrocellulose membrane, followed by immunoblotting with indicated primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Detection of peroxidase signal was performed using the enhanced chemiluminescence method.
Luciferase Assay -Cells were transfected in 24-well plates using Lipofectamine. Expression from Renilla Luciferase was used to determine transfection efficiency. After 48 h, cells were lysed, and subjected to the luciferase assay using the DualLuciferase Reporter System (Promega; Madison, Wisconsin) and light units were measured on a TD20/20 Luminometer (Turner Design, Sunnyvale, CA).
RESULTS

Nrf1 is an unstable protein
To examine the half-life of Nrf1 protein, cycloheximide chase assay of HEK293 cells transfected with myc-tagged Nrf1 (Nrf1-Myc) was performed. Immunoblot analysis showed Nrf1-Myc levels decreased steadily following protein synthesis inhibition by cycloheximide treatment (Fig. 1A) . The half-life of Nrf1-Myc in HEK293 cells was less than 30 minutes, and almost no protein could be detected after 60 min of incubation in cycloheximide.
Cycloheximide chase analysis of endogenous Nrf1 in HEK293 cells showed a short half-life similar to exogenously expressed Nrf1 (Fig. 1B) . Analogous results were obtained in different cell lines (mouse embryonic fibroblasts, HeLa) suggesting that short half-life of the Nrf1 protein is cell-type independent (data not shown). Together these results indicate that Nrf1 is an unstable protein.
Degradation of many transcription factors proceeds via the 26S proteasome pathway. Thus, we examined the effect of 26S proteasome inhibition on the turnover of Nrf1. Inhibition of proteasome activity by MG132 treatment increased Nrf1-Myc protein levels in HEK293 cells ( Fig. 2A) . The effect of proteasome inhibition on endogenous Nrf1 was also determined by immunoblotting. A marked increase in endogenous Nrf1 protein levels was also seen in HEK293 cells after MG132 treatment (Fig. 2B ). Cells treated with epoxomicin, which is another proteasome inhibitor, showed similar results (data not shown) indicating that stabilization is not restricted to MG132 treatment.
Proteins targeted for proteasome destruction are polyubiquitinated. To obtain evidence that Nrf1 is ubiquitinated, an in vivo ubiquitination assay was performed. HEK293 cells expressing Nrf1-Myc alone, or in combination with hemagglutinin (HA)-tagged ubiquitin (HA-Ub) were immunoprecipitated with anti-Myc antibody and Nrf1 proteins were analyzed by immunoblotting using an anti-HA antibody. High molecular weight species of Nrf1 were observed in cells co-expressing HA-tagged ubiquitin and Nrf1-Myc (Fig. 2C) , indicating that Nrf1 is subjected to ubiquitination in cells. Together, these findings suggest that the proteasome pathway plays a role in regulating Nrf1 stability in the cell.
SCF
Fbw7 facilitates Nrf1 turnover
To identify the specific E3 ligase complex that targets Nrf1 for degradation, the effect of dominant-negative cullins on Nrf1 protein stability was examined. HEK293 cells were transfected with Myctagged Nrf1 alone or together with expression vectors encoding various dominant-negative cullin proteins, and levels of Nrf1-Myc was analyzed by Western blotting. Co-expression of a dominant negative mutant of cullin 1 (Cul1DN) increased Nrf1-myc levels in HEK293 cells (Fig 3A) . In contrast, coexpression of other dominant negative cullin proteins (Cul3DN, 4ADN, 4BDN and 5DN ) had no effect on Nrf1-Myc levels. Endogenous Nrf1 was also increased by expression of Cul1DN in HEK293 cells ( Fig  3B) .
Cullin1 acts as scaffold protein for the SCF (Skp1/Cullin/F-box protein) class of E3 ubiquitin ligases, and F-box proteins serve as substrate specific adaptors of SCF complex. To identify F-box proteins that regulate Nrf1, we examined the effects of a panel of expression constructs for F-box proteins on Nrf1 stability in cells. F-box expression plasmids were transfected along with myc-tagged Nrf1 plasmid, and expression of Nrf1-Myc was examined by immunoblotting. As shown in figure 3C , expression of Fbw7 reduced the expression of Nrf1-Myc in HEK293 cells. In contrast, co-expression of other F-box proteins (Fbw1a, Fbw2 and Fbw4) did not reduced Nrf1-Myc levels in HEK293 cells (Fig. 3C ). In addition, enforced expression of Fbw7 decreased endogenous Nrf1 levels in a dose dependent manner in HEK293 cells. These results suggest that Fbw7 is a specific ligase for Nrf1 (Fig. 3D ).
Fbw7 binds Nrf1
To determine if Nrf1 interacts with Fbw7, coimmunoprecipitation assays were done. Fbw7 has three isoforms (α, β and γ) that are generated by alternative splicing (24). The three proteins differ at their amino termini, but the substrate-binding domain located at the C-terminus is identical in all 3 isoforms, and each is localized to different subcellular compartments (24). HEK293 cells were transiently transfected with Myc-tagged Nrf1 alone and in combination with the 3 different isoforms of Fbw7 that are tagged with the Flag-epitope. Lysates were immunoprecipitated with anti-Myc antibodies and then probed for Fbw7 by anti-Flag antibody. Western blotting revealed that the nuclear-localized Fbw7α was readily coprecipitated with Nrf1-Myc (Fig. 4A) . (Fig.  4B ). These results demonstrate that Nrf1 and Fbw7α proteins interact with each other in vivo.
Knockdown of Fbw7 stabilizes Nrf1
To further establish a role for Fbw7 in regulating Nrf1, the effects of Fbw7 knockdown on Nrf1 was examined. Two different shRNA constructs were used to knockdown Fbw7 in HEK293cells, and efficiencies of Fbw7 knockdown were determined by immunoblotting. Compared to cells expressing scramble (shScr) control shRNA, shFbw7-1 and shFbw7-2 decreased expression of Fbw7 by 80% and 60%, respectively (Fig. 5A ). Using these knockdown constructs, we next tested the effect of Fbw7 depletion on ubiquitination of Nrf1. HEK293 cells were transfected with HA-tagged ubiquitin along with shFbw7-1, shFbw7-2, or shScr control, and endogenous Nrf1 was immunoprecipitated with anti-Nrf1 and then immunoblotted with anti-HA antibody. Compared to cells expressing shScr control, expression of shFbw7-1 or shFbw7-2 reduced the level of ubiquitinated derivatives of Nrf1 (Fig. 5B) . We next assessed the effect of Fbw7 knockdown on turnover of endogenous Nrf1 protein.
Cycloheximide chase assay revealed that the half-life of Nrf1 in shFbw7-1 and shFbw7-2 knockdown cells was increased compared to cells expressing shScr (Fig. 5C and D) . These data suggest that Fbw7 facilitates the ubiquitination and degradation of Nrf1.
Fbw7 regulates Nrf1 via a CPD motif
The action of SCF ligase is dependent on binding by F-box proteins to substrates that are modified by phosphorylation (29), and Fbw7 is known to target substrates containing a consensus motif termed the Cdc4 phosphodegron (CPD) comprising of residues that are phosphorylated by serine/threonine kinases (30). As shown in figure 6A , sequence analysis of Nrf1 reveals two putative CPDs located at residues 269-273 and 350-354. To test if these motifs in Nrf1 are critical for regulation by Fbw7, Myc-tagged Nrf1Δ269-273, Nrf1Δ350-354, and Nrf1Δ269-273;350-354 deletion constructs were generated. Cycloheximide chase studies were done to examine the effects of the deletions on Fbw7-mediated degradation. Compared to wild type Nrf1, deletion of residues 269-273 did not affect protein stability (Fig. 6B) . In contrast, the half-life of Nrf1 was increased two-fold by deletion of residues 350-354 (Fig. 6B) (Fig. 6D) . In contrast, Nrf1Δ350-354, and Nrf1Δ269-273;350-354 did not form a detectable complex with Fbw7 (Fig. 6D) . Together, these data indicate that the CPD located at residues 350-354 of Nrf1 interacts with Fbw7 and to function as a degradation motif.
Fbw7 limits Nrf1-mediated activation of ARE-gene activation
To determine the biological implications of Fbw7 regulating Nrf1 turnover, we monitored the effect of Fbw7 on Nrf1-mediated activation of antioxidant response element (ARE)-driven genes. Enforced expression of Fbw7 reduced AREdriven luciferase expression by 50% in HEK293 cells (Fig. 7A) . However, the expression of GRP78-luciferase that under the control of an unrelated promoter element, was not affected by Fbw7 (Fig.  7A) . To exclude the possibility that the effects of Fbw7 on ARE-luciferase expression is mediated through Nrf2, we examined whether Fbw7 can downregulate Nrf2-mediated reporter activation. As shown in figure 7B , reporter expression was activated by transfection of Nrf2, and expression of Fbw7 did not suppress reporter activation by Nrf2. To further substantiate these results, the effect of Fbw7 on ARE-mediated gene activation was examined in Nrf2 -/-mouse embryonic fibroblasts (MEFs). Similar to results obtained in HEK293 cells, Fbw7 suppressed luciferase expression in Nrf2-deficient MEF cells (Fig. 7C) . These results suggest that Fbw7 can modulate ARE-mediated gene transcription in cells through Nrf1.
DISCUSSION
Here we report that the Nrf1 transcription factor is a labile protein, and it is targeted by the SCF Fbw7 ubiquitin ligase for proteasome degradation. We provide evidence to show that (i) Nrf1 expression is downregulated by enforced expression of Fbw7; (ii) Nrf1 binds Fbw7; (iii) Fbw7 promotes Nrf1 ubiquitination in vivo; (iv) Nrf1 expression is stabilized by shRNAmediated knockdown of Fbw7; (v) Fbw7 regulates Nrf1 in a CPD-dependent manner; (vi) activation of Nrf1-dependent transcription is modulated by Fbw7 expression. These data indicate Fbw7 as a regulator of Nrf1 stability and function.
Nrf1 has been shown to regulate ARE-driven genes encoding antioxidant proteins, and recently, genes encoding the proteasome. As sustained activation of stress-response genes is thought to be deleterious to the cell, the rapid turnover of Nrf1 allows Nrf1-dependent pathways to be turned off after triggers of cellular stress have been eliminated. Although Nrf1 has been shown recently to be targeted to the ER-associated protein degradation pathway mediated by Hrd1 E3 ligase (25) , it is not clear how this pathway regulates the active pool of Nrf1 given that nuclear localization is necessary for transcription factors to function. It is possible that the ERAD pathway may play a role in regulating steady state levels of Nrf1. It is known that proteasomes are also present in the nucleus, and other transcription factors have been shown to undergo ubiquitination and proteasome degradation in this compartment (26) (27) (28) . Our results suggests the active pool of Nrf1 in the nucleus is regulated by Fbw7α, the nuclear isoform of Fbw7.
Consistent with this notion, we show that endogenous Nrf1 binds with Fbw7α, and little or no binding to the cytoplasmic or nucleolar isoform was observed even though all three Fbw7 isoforms share the same substrate-binding domain. We also show that overexpression of Fbw7 decreased activation of ARE-driven promoter by Nrf1, while depletion of endogenous Fbw7 enhanced ARE-mediated gene activation. The ability to degrade Nrf1 in the nucleus is advantageous to the cell as it allows for rapid control when an active Nrf1 response is no longer needed.
Although Fbw7-mediated turnover of Nrf1 is addressed here, other mechanisms of Nrf1 down-regulation is likely to be involved given that Nrf1 has been implicated in other cellular functions. Nrf1 contains a Neh2-like domain located near its N-terminus (16) . The Neh2 domain in Nrf2 functions to recruit Keap1, a component of Cullin-3-type ubiquitin E3 ligase for ubiquitin-dependent degradation under normal conditions (31) (32). On exposure to oxidative stress, Keap1-Nrf2 interaction is disrupted thus allowing stabilization of Nrf2 with subsequent induction of antioxidant gene expression. Although Nrf1 has been shown to interact with Keap1 via the Neh2 domain, deletion of the Neh2-like domain in Nrf1 does not appear to affect its function or localization in the cell (16) . Consistent with these previous results, the stability of Nrf1 was not affected by expression of a dominant-negative mutant of cullin-3. Whether Keap1 contributes directly to Nrf1 expression will require further studies.
In summary, we have shown that Nrf1 is a substrate for Fbw7, and Fbw7 targets Nrf1 for ubiquitin-mediated proteasomal degradation. Fbw7 is a tumor suppressor that is frequently inactivated in different types of cancer (33). Nrf1 has also been linked to liver cancer in mice (9) . However, Nrf1 may function as a tumor suppressor in this instance as tumorigenesis is associated with inactivation of Nrf1 in hepatocytes. Nonetheless, one could envision that upregulation of Nrf1, through Fbw7-deficiency, might provide cells undergoing transformation a growth advantage by increased expression of stress response genes. Hence, it is reasonable to speculate that upregulation of Nrf1, together with other Fbw7 substrates such as c-Jun, cMyc, and cyclin E, promotes tumorigenesis. 
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